As a group of wonder materials, gold and silver at the nanoscale demonstrate many intriguing properties that cannot be seen from their bulk counterparts. However, consistent insight into the mechanism behind the fascinations and their interdependence given by one integrated model is highly desirable. Based on Goldschmidt-Pauling's rule of bond contraction and its extension to the local bond energy, binding energy density, and atomic cohesive energy, we have developed such a model that is able to reconcile the observed size dependence of the lattice strain, core level shift, elastic modulus, and thermal stability of Au and Ag nanostructures from the perspective of skin-depth bond order loss. Theoretical reproduction of the measured size trends confirms that the undercoordination-induced local bond contraction, bond strength gain, and the associated binding energy density gain, the cohesive energy loss and the tunable fraction of such undercoordinated atoms dictate the observed fascinations, which should shed light on the understanding of the unusual behavior of other nanostructured materials as well.
I. INTRODUCTION
Gold and silver at the nanoscale have demonstrated many intriguing chemical and physical properties that their bulk counterparts do not have. It is striking that all the detectable quantities such as the elastic modulus (Y), the melting point (T m ), and the energy shift (DE m ) of a certain mth core band keep no longer constant but they change linearly with the inverse of the feature size of the nanostructure. Experimental investigations and quantum simulations have revealed unexpectedly that the elastic modulus of Au and Ag at the nanoscale ascends [1] [2] [3] [4] [5] by up to 100% and the melting point descends by 70% [6] [7] [8] associated with a 50% positive shift of the core bands [9] [10] [11] when the Au and Ag solids are reduced from the bulk to the atomic scale. The unusual performance of these nanostructures not only challenge for new knowledge but also have found applications in catalysis, photography, medicine, bio-image, information storage, surface enhanced Raman spectroscopy for single molecule detection and nano-interconnects in ultra-large-scale integration circuits, etc. [12] [13] [14] [15] [16] [17] In order to understand the unusual behaviors of metallic nanostructures, numerous models have been developed from various perspectives. For the size-induced Y elevation, surface tension, 18, 19 surface relaxation, 19, 20 surface reconstruction, 21 surface stress, 1, 22 bulk nonlinear elasticity, 23 and surface energy density gain 24 have been proposed; for the size-induced T m depression, models such as liquid-shell nucleation and growth, 25 liquid-drop formation, 6 latticevibration instability, 26, 27 surface-phonon instability, 28 cohesive energy depression, 29 and surface bond-order imperfection 30 have been applied; for the size induced binding energy sift, models of "initial-final states" screening, 31 core-hole surface relaxation, 32, 33 and "quantum entrapment" 34 have been proposed. Ao 33 proposed that the elastic modulus of Au and Cu change not only with particle size due to surface bond contraction but also with the temperate of operation. Although the models acknowledge the surface effect and surface energy, the origin of the unusual surface effect remains unclear. Is it possible to reconcile the size dependency using a single model with deeper insight into the physical origin of these observations? Recent progress 35, 36 has shown that the size induced change of the quantities are interdependent and they arise from the same origin of atomic undercoordination. The shorter and stronger bonds in the surface skin up to two or three atomic layers dominate the size dependency while bonds in the core interior remain their bulk nature. 24 Taking Au and Ag nanostructures for example, this communication aims to emphasize that the bond order, bond length, bond energy, binding energy density and the cohesive energy per discrete atom in the surface skin originate while the surface-to-volume ratio determines the magnitude of the observed changes. Theoretical reconciliation of the observed size dependence of the lattice strain, elastic modulus, Y, melting point, T m , and the core level shift for Ag and Au nanostructures can be realized by the concept of undercoordination, which not only confirms the theory expectations but also provides guidelines for nanoscale materials and device design. From the perspective of bond formation, dissociation, relaxation, and vibration and the associated dynamic and energetic behavior of charge polarization, repopulation, densification and localization, it has been derived that all the detectable quantities can be expressed as functional dependence on the identities of bond order, z, bond nature, m, bond length, d z , bond energy at equilibrium, E z , of a representative bond for the entire specimen, and their derivatives of binding energy density, E d ¼ E z /d z 3 and atomic cohesive energy, E c ¼ zE z , and the change of d z and E z under the applied stimulus such as pressure and temperature. At a specific atomic site, it can be derived, 17, 24, 36 
with
The bond contraction coefficient C z represents and duplicates the rule of Goldschmidt-Pauling bond contraction. 36 As a consequence of the spontaneous bond contraction, the bond energy increase from the bulk value of E b to E z ¼ C Àm z E b when the z is reduced from the bulk standard of 12 to z. The index m is the bond nature indicator that is not freely adjustable for a given material.
It is ready to derive the aforementioned relations as shown below. Given the Lenard-Jones potential u(r), for instance, and taking the atoms as spheres with diameter or the equilibrium bond length (d), one can derive that the elastic modulus and the stress depend on the binding energy density at equilibrium and nonequilibrium conditions, respectively,
Binding energy density at non-equilibrium ð Þ
Binding energy density at equilibrium ð Þ :
The Young's modulus is Y $ 3B. This formulation clarifies the atomistic origin and the correlation between the stress and the elastic modulus that have been a long confusion. The P and B describe different matters though they may be proportional to each other quantitatively and in the same dimension of Pa. The B is valid for elastic deformation at equilibrium and the P is for the plastic deformation at nonequilibrium. The derived expressions apply to any kind of interatomic potential as the modulus and the stress are related only to the bond length and bond energy. Furthermore, the spontaneous bond contraction and bond strength gain lead to the local interatomic potential trap depression and energy densification, which can be detected using x-ray photoelectron spectroscopy as the energy shift of the mth core-level,
ð Þ, which has been proven to be proportional to the cohesive energy per bond at equilibrium, 9 The energy shift of the z-coordinated atom is constrained by the relation,
where DE m 12 ð Þ is the bulk value. Likewise, one can imagine that evaporating a z-coordinated atom from a solid requires energy breaking all the bonds to its neighbors, i.e., the cohesive energy, zE z . For the melting or other form of phase transition, the energy required per atom is only a certain portion of zE z .
Therefore, all the discussed changes in Eq. (1) originate from the effect of undercoordination, z < 12, and its consequence on the bond length, bond strength, binding energy density, and atomic cohesive energy. The undercoordinated system also includes atomic vacancy, defect, surface, nanocavity, and grain boundary, etc.
B. The magnitudes of change: A core-shell configuration
Considering the fact that only bonds at the skin are shorter 32, [37] [38] [39] [40] [41] [42] and stronger and contribute to the size effect while bonds in the core interior remain their bulk nature. Using a sum rule of the core-shell structure, we can derive the size dependency for a given quantity, Q,
we have,
Combining Eqs. (1) and (4), we have the following,
The surface-to-volume ratio of the ith atomic layer, c i , is counted up from i ¼ 1 to 3 from the outermost inward. The dimensionality s ¼ 1, 2, and 3 correspond to a thin plate, a cylindrical rod and a spherical dot, respectively. The N i and V i correspond to the number and volume of the specific ith atomic layer of the nanostructure. The subscript i and b denotes the ith atomic layer and the bulk. K is the number of the atoms lined along the radius (R) of a nanosphere or a nanowire or across the thickness (R) of a thin film, and approximately equals to R/d b . The q corresponds to the density of Q. The effective CN of an atom in the specific ith atomic layer, z i , varies with the curvature of a nanostructure in the form:
The terms in the brackets of Eq. (5) originate and the c i determines the magnitude of the size induced change. The only key factor is the C z . If C z ¼ 1, nothing will change. Therefore, the lattice strain, elastic modulus, melting point, and the core level shift as a whole are thus united with the extrinsic and intrinsic variables of (s, K; z, m, d z , E z ).
Generally, the measured size trends of eðKÞ, YðKÞ, DE m K ð Þ and T m (K) follow the linear dependence on the inverse size,
Equaling the respective measurement with the BOLS formulation, we have B q ¼ sD
We can obtain the bulk value of Qð1Þ as the intercept of the measured Q(K)-K À1 plot.
III. RESULTS AND DISCUSSION
Ideally, the m is an intrinsic parameter that should not change for a given material; however, experimental artifacts such as surface passivation or the accuracy of size and dimensionality determination may lead to the m value to deviate. In order to optimize the m value for Ag example, we plotted the measured DQðKÞ=Qð1Þ versus K À1 firstly to find the slope B q with the known Ag-Ag bond length The m values for Au and Ag were optimized to be 2.55 and 2.93, respectively, derived from the elastic modulus and melting point results in the ambient conditions. Under ultrahigh vacuum conditions, the m ¼ 1 for many metals in general. 36 With the optimized m values we calculated and plotted the BOLS curves and then compared them with the measured data as shown in Figs. 1-3 . Consistency between BOLS predictions and measurements has thus been realized. It is seen that the mean lattice strains and the mean melting points for both Au and Ag drop while the elastic modulus and the core level shifts rise monotonically with the inverse of size. These seemingly irrelevant quantities are thus uniquely unified with the BOLS premise. The reproduction of these quantities confirms the occurrences of bond relaxation and subsequent surface energy densification and atomic cohesive energy loss. In fact, the surface preferential straining of gold nanocrystals has been observed by many researchers. [39] [40] [41] Using an electron cohesive diffraction, Huang et al. 39 discovered that the Au-Au bond contraction happens only to the outermost two interatomic spacing of a gold nanocrystal in a radial way while bonds in the core interior remain the bulk value, being consistent with molecular dynamics 43 and density functional theory 34 calculations and the current BOLS expectation. Recent measurements using the aberration-corrected imaging, the surface and terrace edge bonds have been measured to contract from Ag, 44 Pt, [45] [46] [47] Co 3 O 4 , 48 substantially compared with the bulk values. The unification of these four seemingly irrelevant properties indicates that all the considered properties are correlated with the bond order, nature, length, and energy of the undercoordinated atoms in the surface up to skin depth.
It is well known that nanoparticles are usually polyhedral when their sizes become very small. Polyhedral particles exhibit surface energy and elastic anisotropy and different surfaces are decorated with different densities of unsaturated bonds. For instance, silver in particular has been shown to form in a variety of shapes, each with characteristic properties due to the atomic coordination change. This irregular shape-entity will affect the value of s and z i , as discussed. Recent XPS analysis 49 revealed that for the fcc (100), (110), and (111) surfaces of Pd and Rh, the z 1 values are 4.0, 3.75 and 4.25, respectively. The orientation-discriminated z i values lead to slight modification of the surface bond energy and hence the considered quantities. Nevertheless, this kind of geometric anisotropy only affects the accuracy of the s values and has nothing to do with the nature, the origin, the trends and the interdependence of these quantities.
Another issue is the surface passivation. Coated with thiolated organic ligands, Au 102 cluster demonstrates Au-Au bond expansion 50 arising from the diffusion of S atoms into the outermost atomic layer for Au-S bonding, being the same to oxygen chemisorption that causes Cu-Cu distance expansion but the O-Cu bond contracts in the surface skin. 51 Very low-energy electron diffraction and scanning tunneling microscopy investigations revealed that oxygen atoms penetrate into the surface, which expands the first interlayer spacing from 0.180 nm to 0.194 nm but the Cu-O distances are 0.163, 0.174, and 0.194 nm in the Cu 3 O 2 pairing tetrahedron. Chemisorption of electronegative atoms does alter the bond nature (m value) and bond length. Hence the surface passivation effect likely changes the surface energy, elasticity and melting point, 51 as well. Excessive bulk defects would also lower the elasticity and melting point, 52, 53 like the metallic foams. 54 The defects serve as not only centers of failure but also sites of energy pining. Under this condition, the strength of materials should be dominated by the competition between the structural failure and the energy pining effect.
IV. CONCLUSION
In summary, from the perspective of bond order deficiency and its consequence on the bond length, bond strength, quantum trap, binding energy density and atomic cohesive energy in the surface skin, we have been able to reconcile the size dependence of the lattice strain, melting point depression, elastic enhancement and the core level shift of Ag and Au nanostructures with derived information of the core level binding energy of an isolated atom (see Table I ). 
Debating on the physical origins of the considered quantities and the paradox of the T m depression and Y elevation due to size reduction has thus been clarified.
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